Introduction
============

Age-related cataract is the leading cause of vision impairment in the United States and worldwide, representing approximately one-third of the vision-impaired population.[@b1-opth-11-1897]--[@b3-opth-11-1897] Cataracts are usually asymptomatic but, as a progressive disease, once vision is affected there is a steady and irreversible decline in visual function.[@b4-opth-11-1897] When cataracts progress enough to impair visual function, they become clinically relevant and the primary treatment is surgery.[@b4-opth-11-1897],[@b5-opth-11-1897]

Many surgeons prescribe topical medications to be used pre- and postoperatively for infection prophylaxis and to prevent inflammation and reduce pain.[@b4-opth-11-1897],[@b6-opth-11-1897] Ocular inflammation is common after cataract surgery. Untreated inflammation can cause pain and other complications such as increased intraocular pressure and cystoid macular edema (CME). In an attempt to prevent or reduce inflammation and therefore reduce surgical pain and the risk of CME, surgeons commonly prescribe preoperative nonsteroidal anti-inflammatory drugs (NSAIDs) to patients undergoing cataract surgery.[@b6-opth-11-1897],[@b7-opth-11-1897]

Physiologically, NSAIDs inhibit cyclooxygenase enzymes (COX-1 and COX-2), which are responsible for initiating the inflammatory cascade through prostaglandin synthesis. Prostaglandin release, a known result of surgical trauma, is associated with pain and inflammation and also with stimulation and contraction of the iris sphincter muscle, resulting in pupil constriction. By inhibiting COX-1 and COX-2, NSAIDs prevent miosis caused by prostaglandins released during surgical insult and inhibit the inflammatory cascade that leads to pain and other sequelae such as CME.[@b7-opth-11-1897]

While NSAIDs are known to inhibit mechanistically the inflammatory cascade, there are potential limitations associated with topical administration of NSAIDs as a way to control inflammation during and after cataract surgery. First, preoperative topical NSAID use often requires multiple, self-administered doses over several days to allow for adequate permeation into ocular tissues, thus patient adherence with the regimen is important.[@b8-opth-11-1897] If doses are missed, the therapeutic effect may be diminished. Second, while there may be some depot effect in ocular tissues with proper dosing and administration, any active drug present at the start of surgery may be washed out of the aqueous humor by the standard irrigation method utilized during surgery. There are no known studies that examine the extent to which preoperative topical medications used in ocular surgery may be washed out by surgical irrigation.

The purpose of this study was to evaluate the intracameral concentration of ketorolac tromethamine (ketorolac) at the beginning and end of cataract surgery following preoperative topical administration of ketorolac.

Patients and methods
====================

This study was conducted at a single site and all surgical procedures were performed by a single surgeon. Patients undergoing unilateral cataract surgery and receiving preoperative ketorolac were eligible to participate. All patients provided written, informed consent to participate in this study. This study was approved by a central Institutional Review Board (Quorum, Seattle, WA, USA). Patients were excluded if they were using ophthalmic or systemic ketorolac at the time of screening, had extra- or intraocular inflammation present in either eye at the time of screening, had participated in any investigational drug or device study within 30 days prior to the day of surgery, or had any condition that the investigator deemed would put the patient at risk of harm or would confound the interpretation of the study data.

Patients received topical ketorolac for self-administration four times per day beginning 1 day prior to cataract surgery, according to the usual practice of the surgeon. Topical ketorolac was also administered upon awakening on the day of surgery and once in the surgical center according to the surgeon's normal practice.

On the day of surgery, patients were asked about their ketorolac use on the day prior to and on the morning of surgery to evaluate adherence. Immediately prior to the initial surgical incision, the surgeon withdrew a 100 μL sample of aqueous humor from the operative eye with a 30-gauge needle attached to a tuberculin syringe. The fluid was withdrawn through the site of the corneal incision used to perform the surgical procedure. Irrigation solution was used liberally and as deemed necessary according to usual practice of the surgeon. At the end of the surgical procedure prior to final anterior chamber reinflation and wound closure, the surgeon withdrew another 100 μL sample of fluid from the anterior chamber, which in addition to aqueous humor included surgical irrigation fluid and any fluids released from the anterior chamber structures.

The intracameral fluid samples were labeled and transported to an analytical laboratory (Alturas Analytics, Inc., Moscow, ID, USA) for analysis of ketorolac concentration at the time of surgical incision and at the end of the surgical procedure.

Statistical analysis
--------------------

Given the anticipated variability across patients, results of ketorolac concentrations at the start and end of surgery are presented by individual patient rather than simply presenting the mean across all patients. A nonparametric Wilcoxon matched-pairs signed-rank test was used to compare ketorolac measurements before and after surgery, with imputation of a value of 1.0 for each measurement that was recorded as undetectable. The key assumption for this test is that the distribution of the data is the same for measurements at the beginning and end of surgery, but the distribution may not necessarily be normal. Statistical analysis was performed using Stata v 11.0 (StataCorp LP, College Station, TX, USA).

Results
=======

A total of 14 patients met the inclusion criteria and were enrolled in this study. [Table 1](#t1-opth-11-1897){ref-type="table"} describes the overall patient demographics. All patients received topical ketorolac for self-administration of four doses on the day prior to surgery. Thirteen patients (92.9%) used all four doses, while one patient (7.14%) only used three doses on the day prior to surgery. All patients also received two doses of topical ketorolac on the day of surgery, one at home and one after arrival at the surgical center. Aqueous humor samples were inadvertently not collected from two patients, leaving a total of 12 patients for full analysis.

Ketorolac concentrations were analyzed from the fluid samples drawn from the anterior chamber immediately prior to the first surgical incision and at the end of the surgical procedure in each patient. Preoperative ketorolac concentrations for the 12 patients with complete data ranged from 4.9 to 369 ng/mL ([Table 2](#t2-opth-11-1897){ref-type="table"}). At the end of the procedure, ketorolac concentrations ranged from undetectable (ie, below the lower limit of quantitation \[LLOQ; \<1.00 ng/mL\]) to 6.32 ng/mL. A total of eight patients (66.7%) had ketorolac concentrations that were undetectable. The concentrations at the end of the procedure in the four patients with detectable concentrations of ketorolac were very low and clinically irrelevant, ranging from 1.8 to 6.32 ng/mL. The difference in measured concentrations before and after surgery was significant (*p*=0.0022).

Discussion
==========

This was a single-site, single-arm study to assess the concentration of ketorolac present in the aqueous humor at the start and end of routine cataract surgery in patients who were treated with topical ketorolac prior to surgery. A statistically significant difference was shown between pre- and post-surgical concentrations of ketorolac measured in the fluid drawn from the anterior chamber (*p*=0.0022). A post hoc power calculation based on the means and standard deviations calculated pre- and post-surgery for the overall group showed 95.7% power based on the sample size in this study.

It is common practice to administer topical NSAIDs (eg, ketorolac) for at least 1 day prior to cataract surgery in order to reduce inflammation induced by surgical insult and, therefore, to reduce pain and other complications associated with an inflammatory reaction inside the eye. As the eye is a physiologically privileged organ system, it takes multiple topical doses of ketorolac to adequately penetrate the anterior chamber and reach the ocular tissues that are affected during cataract surgery. This requires good patient adherence to the dosing regimen. During cataract surgery, the cornea is penetrated and the anterior chamber is bathed with standard ophthalmic irrigation solution to maintain fluid balance and structural integrity of the eye. It is a reasonable possibility that any residual ketorolac present in the aqueous humor due to topical administration would be washed out during surgery with the standard irrigation, reducing or eliminating the intended anti-miotic and anti-inflammatory effects so important during and after surgery. The extent to which standard irrigation affects localized ketorolac concentrations at the site of the target tissues in the anterior chamber following preoperative topical administration has not previously been investigated.

In this study, all patients received topical ketorolac on the day prior to surgery, and at-home adherence to the dosing regimen was good, with 92.9% of patients using the drug as directed, and only one patient missing just one of the prescribed four doses on that day. All patients received two doses of topical ketorolac on the day of surgery. Surgical procedures were performed by the same surgeon at a single clinic, so there was no systematic variability in patient care based on surgeon preference, facility process, or surgeon experience. All patients had detectable intracameral concentrations of ketorolac at the start of surgery. Although patient compliance was high and there were measurable amounts of ketorolac present in the aqueous humor at the start of surgery for all patients, the majority (66.7%) of patients had undetectable amounts of ketorolac in the anterior chamber by the end of surgery with the remainder having very low and clinically irrelevant levels of measured ketorolac postoperatively. It is impossible to quantify the true inter-individual variability in these ketorolac measurements, as most were below the LLOQ of the assay instrumentation. It is not surprising to observe some inter-individual differences in these measurements, as the surgical conditions reflected real-world practice in every respect except for withdrawal of small fluid aliquots from the anterior chamber before and after surgery.

Studies have shown that treatment with NSAIDs reduces surgically induced miosis by inhibiting prostaglandin synthesis in anterior chamber tissues, although miosis often does occur.[@b9-opth-11-1897]--[@b11-opth-11-1897] Similarly, by preventing prostaglandin synthesis, topical NSAIDs have been shown to reduce ocular inflammation after cataract surgery.[@b10-opth-11-1897]

CME is a complication related to cataract surgery that is the leading cause of post-surgical vision loss.[@b10-opth-11-1897],[@b12-opth-11-1897] Believed to be caused, in part, by an inflammatory response, many patients are treated with a prophylactic regimen of NSAIDs after cataract surgery.[@b10-opth-11-1897] It remains unclear, however, whether postoperative administration of NSAIDs prevents CME or decreases the severity of disease, as the inflammatory response has already been initiated intraoperatively by surgical trauma.

In a study conducted in a real-world surgical setting such as this, it is impractical and inappropriate to measure tissue concentrations of drug as that would require biopsy or other tissue sample. This study was conducted to evaluate whether or not the current standard practice patterns of instilling a topical NSAID prior to surgery is likely to continue a therapeutic effect during or after surgery is completed. The clinical implications following washout of topical NSAIDs are not clear, as this does not account for any depot effect that may occur; however, in removing any free drug present in the eye, there is unlikely to be any continued effect as any remaining tissue-bound drug is physiologically cleared. Pharmacokinetic studies have shown the intraocular half-life of ketorolac to be 2.3 hours[@b13-opth-11-1897] and the half-maximal inhibitory concentration (IC~50~) of COX-1 and COX-2 by ketorolac to be 2×10^−8^ M and 12×10^−8^ M,[@b14-opth-11-1897] respectively, so reducing aqueous humor levels to below the LLOQ is likely to remove the therapeutic effect.

Even though patient compliance with the preoperative ketorolac regimen was good in this study, the absence of ketorolac in the anterior chamber at the end of surgery suggests that preoperative topical delivery of ketorolac may not have the desired effect during and after the surgical procedure, times when the effects of an NSAID are needed the most. Concentrations of ketorolac in the anterior chamber immediately after surgery are important because tissues such as the iris/ciliary body are in contact with the fluid in the anterior chamber and are known sources of prostaglandin production. In order to achieve the desired intra- and postoperative anti-inflammatory effect, intracameral delivery of ketorolac or a ketorolac-containing drug during surgery may be necessary, providing preemptive inhibition of surgically induced prostaglandin release rather than trying to "undo" the intraoperative initiation of the inflammatory cascade with postoperative NSAID topical drops.

This study is limited by small sample size, but even with only 12 patients completing the study, the effect size is sufficiently large to be convincing. All patients had ketorolac levels that were easily detectable prior to surgery and had levels that were very low or below the LLOQ by the end of surgery.

In this study, the concentrations of ketorolac present in the anterior chamber of the eye both before and immediately after cataract surgery were quantified. The results showed that drug concentrations present after topical administration of ketorolac are dramatically reduced due to washout by the irrigation solutions used during the surgical procedure. This suggests that the anticipated therapeutic benefit of topical ketorolac may not persist during and after surgery.
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###### 

Demographic information for enrolled patients

  Patient characteristics       No of patients
  ----------------------------- ----------------
  Total enrolled, n             14
  Male, n (%)                   9 (64)
  Age, mean years (range)       68 (52--84)
  Race                          
   White                        13
   African American             1
  Ethnicity                     
   Hispanic or Latino           3
   Non-Hispanic or Non-Latino   10
   Unknown                      1

###### 

Ketorolac concentration in the aqueous humor sampled just prior to surgery and at the end of the surgical procedure

  Patient number   Ketorolac concentration (ng/mL)   
  ---------------- --------------------------------- -----------------------------------------------------------
  001              87.4                              Undetectable[\*](#tfn1-opth-11-1897){ref-type="table-fn"}
  003              39.0                              Undetectable
  004              4.90                              Undetectable
  006              195                               Undetectable
  007              29.5                              1.8
  008              75.1                              6.32
  009              369                               2.11
  010              105                               Undetectable
  011              244                               2.90
  012              64.6                              Undetectable
  013              137                               Undetectable
  014              120                               Undetectable

**Notes:**

Undetectable = below lower limit of quantification (ie, \<1.00 ng/mL); *p*=0.0022 (Wilcoxon signed-rank test).
